A simple spin coating approach is introduced to fabricate Yttria-Stabilized Zirconia (YSZ) electrolyte layer on NiO-YSZ anode substrate for solid oxide fuel cell applications. Heating the substrate during the slurry spin coating process enhances the affected area through the layer and leads to optimize the compacting amount of coated electrolyte particles before sintering procedure. On top of this bilayer substrate, La0.6Ca0.4Fe0.8Ni0.2O3−δ is deposited as an intermediate temperature solid oxide fuel cell cathode, in order to have suitable output performances at intermediate temperature ranges. Applying humidified hydrogen as fuel and ambient air as the oxidant, cell performance characterizations exhibit higher power outputs for prepared sample.
Introduction
Fuel cells are devices which convert the chemical energy of a fuel directly into the electrical energy with high efficiency and low environmental pollution [1, 2] . Among various types, solid oxide fuel cells (SOFCs) have attracted many attentions due to their promising features such as high efficiencies, fuel flexibility and relatively higher power densities than combustion engines and other types of fuel cells [3] [4] [5] . Nowadays, most of the studies in this field have been addressed to optimize SOFCs performance by reducing their working temperatures from conventional high-temperature range i.e. 800 -1000 °C to intermediate range, nominally known as range as 600 -800 °C. The latter one is referred to as intermediate-temperature solid oxide fuel cells (IT-SOFCs) [6] . Considering the benefit of decreasing high operating temperature degradations and cost-effectiveness of lower temperature functions, some major problems are appeared such as significant component losses especially for electrolyte resistance due to temperature reduction, which decreases the overall performance of the SOFC, significantly [7, 8] .
The most commonly known materials for SOFC main components are NiO-YSZ cermet as anode, Strontium-doped Lanthanum Manganite (LSM) as cathode and YSZ as electrolyte. The Sr-doped LaMnO3 (LSM) has been widely studied and utilized for decades as cathode material for SOFCs operate at high-temperature range [9] . The LSM has many problems too, such as thermal expansion coefficient (TEC) mismatch between LSM and YSZ, formation of La2Zr2O7 impurity, and poor performances at intermediate temperatures [10] . It is known that these problems could be solved by substituting Mn ions by Ni and Fe ions [11] . Moreover, the Calcium is also a good alternative doping element for its effectiveness at La site, because of similarity of its ionic radios with La 3+ and avoiding the segregation of Sr into the grain boundaries during next manufacturing heat treatment processes [12, 13] . Thus, La0.6Ca0.4Fe0.8Ni0.2O3−δ (LCFN) seems to be a good cathode material for utilization in IT-SOFCs with similar LSM performances at elevated temperatures as reported by many studies [11, [13] [14] [15] [16] [17] . YSZ also have known as most employed material as electrolyte in SOFCs. Although YSZ has a lower ion conductivity than ceria-based electrolytes at intermediate temperatures, it has unavoidable preferences such as excellent mechanical, chemical and thermal stabilities both in fuel and oxidant mediums and lower production and purchasing costs compared to most of the electrolyte materials [17] [18] [19] [20] .
In order to decrease electrolyte resistance, there is an important necessity to fabricate thin layers of YSZ electrolyte using cost-effective ceramic thin film deposition methods [21] . There are many thin film deposition techniques which provide high quality, dense and very thin films, like physical and chemical vapor depositions (PVD and CVD, respectively), RF magnetron sputtering and etc. These methods commonly need ultrahigh vacuum equipment and have slow production rates and high maintenance costs.
Nowadays, many different industrially favorable methods for manufacturing ceramic electrolyte layers are benefitted including screen printing, dry pressing, spin coating, slip casting and so on. Each technique has its own advantages and problems but their economic aspects play a major role in the commercialization of SOFCs [22, 23] .
Among different employed techniques for fabrication of SOFCs, many researchers use spin coating deposition due to its cost-effectiveness, control of parameters affecting the final thickness, density, and uniformity of prepared layers. However, the spin coating method has some problems as well. Relatively low adhesion level of the desired layer to the substrate surface, material penetration into the porous substrates and creation of cracks in prepared layers are among these drawbacks. Multiple ways to manufacture a suitable and dense layer have been proposed in different studies [24] [25] [26] [27] . For example, applying heat treatment between each deposition step, or using different binders and organic additives to prepare an appropriate slurry solution and final annealing of the obtained layer, are among these approaches [28] . Baking the layer in this technique helps additive substances in slurry solution to be removed and also pores to be filled. Multi-step deposition and baking between each step lead to create a dense layer without cracks and controlling the thickness of the electrolyte layer [29] . Moreover, the mentioned method is a cost-effective technique in terms of time and energy [30] . Shi et al. [31] , have introduced a vacuum-assisted spin coating technique which leads to more compacting of the green layer. In this way, the vacuum pressure which is applied through the finger-like anode porosities provides an extra force for sedimentation of slurry. Despite obtaining dense electrolyte layers, the output power densities are low which may be due to some porosities in the final layer and low performance of LSM-YSZ cathode at the intermediate temperatures [31] .
In this study, we have used a new and simple way for the preparation of the electrolyte layer by a thermal-assisted slurry spin coating technique. Here the vacuum is applied on the substrate only for fixing the substrate during spin coating and heating of the substrate is performed simultaneously by an electrical heater. The substrate heating leads to faster removal of solvents, avoiding the substrate pores to be filled and opening up extra space for next coating particles which finally resulted to more compacted green layer after coating and condenser post sintered electrolyte layer. This simple method allows desired material to be deposited as compact as possible on porous substrates.
Experimental

Preparation of anode and cathode powders
The anodic substrate was prepared by mixing purchased NiO powders (99.95 %, Merck chemicals) with 8 mole % YSZ powders (99.99 %, Tosoh) in a weight ratio of 1:1.
Then starch was added as pore former in the amount of 10 wt. % of total NiO-YSZ mixture and the resulted mixture was ball-milled for 24 hours in a planetary milling system. The produced anode powders were subsequently pressed into pellets using a circular mold with an inner diameter of 20 mm under uniaxial press with a vertical force of 15 kN for a minute pressing time. Prepared pellets were pre-sintered at 1000 °C for 1 hour to have enough porosity for avoiding porosity reduction at further bilayer fabrication step with high temperature and to have sufficient mechanical strength during the spin coating. The final thickness of the pellets was about one millimeter.
The sol-gel method was used to synthesis LCFN as the cathode. The stoichiometric quantities of La(NO3)3.6H2O, Ca(NO3)2.4H2O, Fe(NO3)3.9H2O and Ni(NO3)2.6H2O (all 99.95% pure, Merck chemicals) were dissolved in distilled water. The product added slowly to a suitable volume of EDTA dissolved in deionized water by adding some value of ammonia, then sufficient amount of citric acid was subsequently added and pH value of solution reached to 7 using some extra ammonia solution (25%).
The resulting solutions were stirred and heated on a hot plate and kept at 80 °C. The heating process continued for preparation of a gel. Then the temperature raised slowly up to 350 °C and self-combustion occurred. This product was maintained at 350 °C for 12 hours. Finally, the resulting products were grained in a mortar and calcined at 800 °C for another 7 hours.
Preparation of coating slurries
In order to prepare a highly dispersed YSZ electrolyte slurry for spin coating be clearly observed which were created due to evaporation of organic additive materials existed in the sol-gel process and later calcination step. This structure can be easily ballmilled into a fine powder shape with an acceptable particle size distribution. Fig. 4. (a) is the usual slurry spin coating and 4(b) is the thermal-assisted slurry spin coating. As it is clear in Fig. 4. (a) and 4. (b) , the YSZ layer's adherence to the porous anode substrate is much better for the thermal-assisted slurry spin coating case than the one without heating substrate, and also more uniform and condense structural quality is visible. The FESEM image, which has been taken from the cross-section of prepared half-cell indicates that the utilized new method for spin coating technique was able to provide a dense and thinner layer of YSZ electrolyte which is comparable to other studies [13, 15, 16, 37] . Fig. 5. (b) is appeared to be homogeneous with well-sized grains (about 100 nm) comparable to other similar studies [11, 14, 34, 38, 39] . The results of EIS measurements for prepared cells by two methods under OCV condition are plotted in Fig. 6. (a) and 6. (b) . The total resistance of the cells is included in interfacial resistances and Ohmic resistances. The Ohmic resistance is the real distance between the interception of impedance values at high frequencies and origin of the impedance plot. The interfacial resistance is the distance between interception of impedance data at high and low frequencies. Each type of above resistances decreases with the increase in operating temperature. It is observed that the interfacial resistance has primarily major contribution on the total resistance of the single cells. This implies that cell performance is critically limited by interfacial resistance. Therefore, the major part of EIS results is related to the interfacial resistance. Although the cathode/electrolyte has the major contribution in whole interfacial resistance than the anode/electrolyte interface, it appeared that using the introduced thermal-assisted slurry spin coating method decreased the overall interfacial resistance almost by one order of magnitude. It is due to the denser electrolyte layer and better bonding in the interface of anode/electrolyte. However, comparing the polarization curves exhibited that the OCV has increased slightly in the cell that benefited the thermal-assisted slurry spin coating method (from 0.95 V to 1.04 V). This might be because of fewer gas leakage in condenser electrolyte structure.
Results and discussions
The linear part of the diagrams shows the Ohmic polarizations. The slope of these parts decreased using the new coating method in Fig. 8. (b) which means that the higher current densities could be taken from the SOFC. There was not any expectation associated with the concentration loss change, because both anode and cathode microstructures tend to be the same as possible in two SOFC configurations. The obtained maximum power density is about 420 mW.cm −2 at 800 °C, for the cell which its electrolyte layer fabricated by usual slurry spin coating. This value is almost acceptable comparing to the other studies [30, [43] [44] [45] [46] . This value increased to about 550 mW.cm −2 at the same temperature.
Besides, maximum current density of SOFCs have been raised from about 800 mA.cm -2 to roughly 1100 mA.cm -2 . Manufacturing IT-SOFCs applying thermal-assisted slurry spin coating technique for preparing YSZ electrolyte appears to be an economically affordable and time-saving construction method. Fig. 8 The output power and voltage in terms of current from 600 to 800 °C for YSZ electrolyte layers prepared by (a) usual slurry spin coating, and (b) thermal-assisted slurry spin coating.
Conclusions
Dense YSZ thin films on porous Ni-YSZ anode substrates were fabricated by a thermal-assisted slurry spin coating. By the application of this method, the activation energies of interfacial and Ohmic resistances were about 95.13 kJ.mol −1 and 43.20 kJ.mol −1 , respectively. Analysis of EIS results showed that cell resistance under OCV condition was dominated mostly by interfacial resistance which reduced significantly using the introduced coating process. The design of an IT-SOFC with optimized coating leads to an increase in open circuit voltage from 0.95 V to 1.04 V and also a rise in output power density from 420 mW.cm -2 up to 550 mW.cm -2 . As a result, the performance temperature of a SOFC using an improved electrolyte layer is decreased at least 50 °C.
It appears that new slurry spin coating technique is a simple and effective approach for fabrication of anode-supported thin layer YSZ electrolyte for IT-SOFC applications.
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